A multiaxial, physically based, continuum damage mechanics methodology for creep of welded 9Cr steels is presented, incorporating a multiple precipitate-type state variable, which simulates the effects of strain-and temperature-induced coarsening kinematics. Precipitate volume fraction and initial diameter for carbide and carbo-nitride precipitate types are key microstructural variables controlling time to failure in the model. The heat-affected zone material is simulated explicitly utilising measured microstructural data, allowing detailed investigation of failure mechanisms. Failure is shown to be controlled by a combination of microstructural degradation and Kachanov-type damage for the formation and growth of creep cavities. Comparisons with experimental data demonstrate the accuracy of this model for P91 material.
Introduction Background
A significant reduction in CO 2 emissions from fossil fuel power plant is urgently required to limit the effects of global warming. 1 Key methods of reducing emissions include increased firing temperature, increased operating pressure and the greater use of renewable energy sources in electricity generation. However, the inclusion of intermittent renewable sources to the electricity grid has led to more frequent start up and shut down cycles in power plants. 2 This cycling can lead to thermo-mechanical fatigue (TMF) occurring within plant components, giving rise to unexpected failures. Thus, enhanced combined creep-fatigue loading is predicted to significantly decrease the plant operational life.
9Cr steels are currently utilised for plant components experiencing these TMF and elevated temperature loads. Failure has predominantly been observed within weldments of these steels, specifically in the heat-affected zone (HAZ) region adjacent to the parent material. The heterogeneous microstructure of the HAZ region causes strain localisation due to material property gradients generated by the welding procedure. While extensive characterisation work has been performed on the microstructure of the HAZ regions, applying this knowledge to predictive models has received less attention due to the complexities of the microstructural evolution during creep. This paper implements a multiple precipitate type, CDM-based model for 9Cr steels, specifically focusing on the weldment region. A rigorous parameter identification methodology is presented along with validation against test data.
Microstructure of parent material
The 9Cr steels owe their high creep strength to their hierarchical microstructure. 3 This consists of prior austenite grains, containing packets and blocks, each having crystal mis-orientation of greater than 5 ; i.e. high angle boundaries. Blocks are subdivided further into martensitic laths, and regions of high dislocation density demarcate the boundaries of the laths. Precipitates are dispersed throughout the microstructure of the steels including (i) M 23 C 6 carbides, where M represents either Cr, Fe or Mo and (ii) MX, where M represents Nb or V and X is C or N. M 23 C 6 carbides are observed predominantly along grain boundaries, and MX precipitates are dispersed throughout the microstructure. Figure 1 shows a schematic of the microstructure of 9Cr steels, with details of these features described elsewhere. 4, 5 It should be noted that during service, this elongated tempered lath martensite microstructure is rearranged to a structure of gradually coarsening subgrains, with boundaries containing carbides which also experience coarsening.
The primary obstructions to dislocation movement within the steel are these nano-scale precipitates and microstructural boundaries. Dislocations become trapped by these obstacles and therefore resist plastic deformation. The spacing between individual obstacles governs this strengthening mechanism in an Orowan-type relationship. 6 Therefore, a key microstructural variable in this approach is the average spacing of obstacles and its evolution during creep exposure. This spacing is assumed here to be dominated by precipitate coarsening kinematics.
Evolution of the microstructure during high-temperature creep exposure has been well documented for these materials. 7, 8 This deterioration consists of precipitate coarsening, formation of new intermetallic phases (e.g. Laves phase particles) and cavitation damage. The requirement to simulate the contributions of both M 23 C 6 and MX precipitates to creep strength is demonstrated in the continuum damage mechanics (CDM) creep model of Ó Murchu´et al., 5 where an 80% reduction in MX volume fraction is predicted to reduce creep life by a factor of 6. M 23 C 6 precipitates are known to be less thermally stable than MX precipitates during creep, along with experiencing enhanced strain-induced coarsening. [8] [9] [10] The solubility of alloying elements within the matrix dominates the rate of particle coarsening. The high coarsening rate of M 23 C 6 carbides compared to MX precipitates, can be attributed to the solubility of Cr and Mo, compared to that of V and Nb in the matrix. 8, 9, 10 While not explicitly modelled in this work, it is important to highlight the driving factors for the differences in behaviour of these two families of precipitates.
Cavitation damage is the process of vacancy diffusion through the crystal lattice to conglomerate into large voids leading to cavities, principally formed at the grain boundaries and at triple points. 11 Lee and Maruyama 12 proposed a threshold diameter of 250 nm for M 23 C 6 carbides to cause enhanced cavity nucleation, based on their observations of welded 9Cr steel creep specimens.
New intermetallic phases such as Laves phase and Z-phase particles also form during high-temperature creep of 9Cr steels. Laves phase particles form near M 23 C 6 precipitates and leach Mo and W from the matrix during creep, subsequently coarsening to larger diameters than the M 23 C 6 carbides, as observed by Panait et al. 7 . Z-phase particles are complex (Cr,Fe)(Nb,V)N nitrides, which remove MX precipitates from the microstructure, severely reducing the life expectancy of 9Cr components. Increasing chromium content accelerates the formation of Z-phase precipitates which are far larger than the MX type, 13 reducing the overall precipitate pinning effect. Z-phase typically forms in parent material after long-term creep exposure, e.g. after more than 100,000 h at 600 C. 13 However, they may form more rapidly within the weld metal (WM) depending on consumable composition, especially in the case of elevated levels of nitrogen. 14 
Microstructure of weld material
Examinations of welded sections prior to post-weld heat treatment (PWHT) show columnar grains, formed due to directional solidification after welding. Lath martensite is formed within this material during cooling, and high dislocation densities are observed within the laths and lower volume fractions of carbides have been observed. 15, 16 Precipitate formation within the weld is attributed to auto tempering due to additional heating of individual weld beads during multi-pass welding. During PWHT, M 23 C 6 carbide formation and coarsening occurs, and laths evolve into subgrains. 16 
Microstructure of HAZ regions
The HAZ contains several sub regions, knowns as coarse grained, fine grained and inter-critical HAZ (ICHAZ) regions, formed due to heat exposure during the weld procedure. Figure 2 Most failures have occurred within the ICHAZ region of a weldment and so the microstructure of this region is particularly important. Lee and Maruyama 12 report increased precipitate diameters for both M 23 C 6 and MX precipitates within the ICHAZ region after PWHT for a 9Cr steel and similar results are observed by Paul et al. 15 and Vijayalakshmi et al. 18 Vijayalakshmi et al. reported a significantly reduced volume fraction of M 23 C 6 precipitates in the ICHAZ compared to the parent material. This is due to partial dissolution and re-precipitation of the carbide during the welding process. For the purposes of this paper, the modelled HAZ material parameters are based on available ICHAZ literature data wherever possible. Otherwise averaged data for the entire HAZ were employed.
Multi-precipitate type modelling methodology
The following is a brief discussion of the hyperbolic sine-based CDM model implemented within an explicit creep user subroutine for use with the non-linear, finite element (FE) code, Abaqus TM . An explicit integration scheme was employed, requiring the use of a converged time increment. A creep strain error tolerance of 6.66 Â 10 À6 is used. 19 Mesh refinement studies were performed to ensure that results were mesh independent. The cross-weld (CW) specimen was modelled as a two-dimensional axisymmetric bar in Abaqus TM , to reduce computational time.
The hyperbolic sine flow rule has been demonstrated by Barrett et al. 4 to give agreement with experimental data for 9Cr steels tested at both high-and low-stress regimes. The present implementation includes a multiple precipitate strain-and temperature-induced coarsening state variable, D P , with details on the derivation presented in Ó Murchu´et al. 5 The creep strain rate is defined following the approach of Dyson and Osgerby, 20 Perrin and Hayhurst 21 and Hyde et al. 22 for precipitate strengthened steels as follows
In this equation, S ij is deviatoric stress tensor, eq is equivalent (von Mises) stress and _ " 0 is a temperatureindependent constant. Temperature dependence is achieved via an Arrhenius-type term with ÁF as Helmholtz free energy (5.978 Â 10 À19 J), k B as the Boltzmann constant (1.38 Â 10 À23 m 2 kg s À2 K
À1
) and T, absolute temperature. Primary hardening is represented via the state variable, H, while D CV is the state variable representing cavitation damage, with a value ranging from zero initially to a value of unity at failure. The Helmholtz free energy term was identified from the work of Oruganti et al. 23 based on precipitate and subgrain kinematics at various temperatures in a 9Cr steel, it is assumed constant for all materials here.
The parameter 0 is based on the activation volume approach of Dyson
where M is the Taylor factor (2.9 for body centre cubic (BCC) materials), b is the magnitude of the Burgers vector (taken here to be 0.248 nm, the value for BCC iron) and l ob is obstacle spacing. An equivalent obstacle spacing is defined, based on contributions due to spacing of precipitates, grains, laths and dislocation density, 25 as follows
where l c and l m are particle spacings for M 23 C 6 and MX, respectively, w is lath width, d g is prior austenite grain size and is dislocation density. Precipitate spacing is calculated based on the volume fraction of precipitates in a single unit cell, and the diameter of a given precipitate
where d is the precipitate diameter, f is volume fraction and the index i is either c or m representing M 23 C 6 or MX precipitates, respectively. Precipitate diameter is evaluated based on the strain-and temperature-induced coarsening equation developed by Taneike et al.
where d i,0 is initial precipitate diameter, K i is thermal coarsening rate, F i is strain-induced coarsening parameter, t is current creep exposure time and " cr eq is equivalent creep strain. Utilising the precipitate spacing and diameter, equations (4) and (5), respectively, the precipitate state variable is defined as follows
where _ " cr eq is the equivalent creep strain rate and B i is a constant related to the precipitate spacing term by
The primary hardening term of equation (1) is from the work of Perrin and Hayhurst, 21 who developed a primary creep CDM model for a 0.5Cr-0.5Mo-0.25 V steel, as follows
where h is primary hardening rate and H * is a primary hardening limit value. This model captures the effect of the initial strain hardening within the material due to loss of mobile dislocations to entanglements and pile-ups at boundaries.
A Kachanov-type damage law is utilised to include the effect of cavity growth via the loss of load bearing section within a material. The inclusion of a triaxiality term for multi-axial stress states captures the observed phenomenon of cracking occurring within regions of high-stress triaxiality, as follows
where C is the cavitation constant, 1 is the maximum principal stress and is the triaxiality exponent. This is particularly relevant for welded connections as the material property mismatch within the weld region generates localised areas of high triaxiality as demonstrated by Watanabe et al. 26 Parameter identification and numerical modelling
In the model implemented here, the parent metal (PM), WM and HAZ are considered as three separate materials with different sets of properties. As an initial approximation, the HAZ is assumed to be a single material. For each material, there are 17 input parameters that need to be determined. Twelve of these are microstructural and the remaining five are the pre-exponential constant, _ " 0 , the primary hardening rate and limit, h and H * , respectively, the cavitation term, C, and the triaxiality exponent, . All constants are identified either directly or indirectly from published data. The following sections describe the process of identification of these parameters.
Identification of creep constants
The model has been calibrated in previous work for a P91 PM in the temperature regime 600 C to 650 C. 5 The steady-state creep constants were identified based on minimum strain rate (MSR) data from Hyde et al. 27 using the following equation
A least squares optimisation methodology was employed to identify _ " 0 and 0 . Figure 3 shows that the equation captures the effect of stress for both the PM and WM with the MSR experimental data coming from creep indentation testing. The benefit of utilising a hyperbolic sine-based flow rule is demonstrated in Figure 4 , which shows agreement between a predicted MSR from equation (10) and test data from Haney et al. 28 for P91 parent material across a wide range of stress at 600 C and 650 C. The model calibration was performed for Bar 257 (a variant of P91 with an increased aluminium concentration) parent material at 650 C, 5 and a 9Cr WM with test data obtained from the literature.
4 Table 1 shows the identified creep constants for the three materials, including primary hardening and cavitation constants.
Calibration of primary hardening and cavitation constants
The identification of primary hardening variables, h and H * , and the cavitation constant, C, from measured tensile creep strain curves for P91 parent materials, utilising an automated least squares optimisation technique, has been described previously.
5 Figure 5 shows the corresponding identification of these three parameters for the weld material based on the experimental work of Agyakwa, 29 at 650 C at 93 MPa and 100 MPa. The triaxiality exponent, , was identified utilising the finite element methodology developed by Hyde et al. 22 A range of exponent values were selected, based on the results of Hyde et al. 22 for a single precipitate-type model, to calculate the corresponding time to failure. The calibration was performed for a net section nominal stress of 93 MPa at 650 C on a notched bar FE model (see Figure 10 below).
Extraction of HAZ creep strain time data
Measured test data are available for the weld and parent materials, but not for the HAZ material; thus, to obtain the HAZ creep response for identification of HAZ creep constants, a strain compatibility analysis of a CW specimen is employed. Figure 6 shows a schematic gage length of a three-material CW creep test specimen, as used by Hyde et al. 27 and Agyakwa. 29 A creep strain curve can be extracted for the HAZ region using the strain compatibility approach suggested by Spigarelli and Quadrini, 30 as follows
where L HAZ , L WM, L CW and L PM are the representative lengths of the CW specimen shown in Figure 6 and defined in Table 2 . " HAZ , " WM, " CW and " PM are the corresponding creep strains in these regions. The CW, WM and PM responses are available from the studies by Hyde et al. 22 and Agyakwa, 29 as shown in Figure 7 , for a stress of 93 MPa at 650 C, and the C and 650 C. MSR: minimum strain rate. Table 1 . Identified creep parameters for the three material zones in a 9Cr cross-weld specimen. HAZ response is identified here using the latter equation. Clearly, the HAZ gives a significantly higher creep rate and strain accumulation than the CW, WM and PM. Figure 8 shows a comparison between the inferred HAZ response (via equation (11)) and the model predictions, demonstrating the capability of the model to represent the HAZ secondary creep response and rupture time. An elastic modulus of 110 GPa at 650 C was assumed for each material.
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Selection of microstructural inputs
Details of the PM microstructure inputs are available previously. 5 Precipitate initial diameters for the WM were selected based on the measurements of Lee and Maruyama 12 and Arivazhagan et al. 16 on welded 9Cr steels. Lee and Maruyama investigated the microstructural degradation during creep of the HAZ material, concluding that coarsened M 23 C 6 precipitates and a mixture of soft and hard ferrite grains within the ICHAZ lead to Type IV failure. Arivazhagan et al. investigated the effect of Nb and V on the toughness of 9Cr weld material post-weld. Four welds with varying content of Nb and V were subjected to Charpy V-notch impact testing, showing that a reduction in Nb and V increased the toughness of the weldment. Transmission electron microscopy (TEM) images allowed the estimation of M 23 C 6 precipitate size.
The HAZ precipitate diameters were selected based on the mean of measurements from TEM observations performed by Gaffard, 32 Watanabe et al., 26 Lee and Maruyama 12 and Vijayalakshmi et al. 18 on ICHAZ regions of welded P91 materials. Gaffard noted a factor of two increase between the PM and ICHAZ M 23 C 6 precipitate diameter, after PWHT. Watanabe et al. 26 noted that this precipitate family experienced a qualitatively larger coarsening within the HAZ region. Lee and Maruyama 12 published values for both M 23 C 6 and MX precipitate families based on measurements performed on sections increasingly further from the fusion line, capturing the diameter differences between WM, HAZ and PM regions. Milovic´et al. 33 observed decreased concentrations of MX precipitates within the ICHAZ, when investigating the reduced hardness occurring within this region, but did not measure precipitate diameters in the same manner as Lee and Maruyama 12 or Gaffard. 32 El-Azim et al. 34 observed MX precipitates of a similar size to those observed by Figure 7 . Results of the creep strain extraction methodology for the HAZ region compared with the three data sets, PM, WM and cross-weld utilised in Equation (12) . Test data from Agyawka 29 and Hyde et al. 22 for Bar 257 tested at 93 MPa and 650 C. Figure 6 . Schematic of the three-material gage length of CW specimen used in the studies by Hyde et al. 27 and Agyakwa, 29 dimensions in Table 2 . Lee and Maruyama 12 in a PWHT P91 HAZ material. Precipitates within the HAZ region form during PWHT or in some cases during multi-pass welding, where auto-tempering can occur due to repeated heating from later passes.
Precipitate volume fraction data for the HAZ region were obtained from the work of Vijayalakshmi et al., 18 showing significantly reduced volume fractions within the sub-regions of the HAZ compared with parent material. Limited data are available for the precipitate volume fractions within the weld material of a welded connection, Spigarelli and Quadrini 30 note that, during the rapid cooling of the weld and HAZ, new precipitates do not form. Rather existing precipitates coarsen rapidly leading to a low volume fraction of precipitates in these regions. Barbadikar et al. 35 highlighted that an increase in normalising and tempering temperatures leads to a decrease in area fraction and an increase in precipitate diameter, respectively, for a tempering temperature increase from 740 C to 780 C. Multi-pass welding causes high-temperature tempering, potentially reducing precipitate area fraction further. Paul et al. 15 reported no carbides within the weld zone for a P91 multi-pass weld with 5 weld layers laid using 12 torch passes per layer. Microstructural characterisation results were presented for the upper layer of weld material, farthest from the HAZ material i.e. pure weld material. This material, upon inspection after cooling, had not formed significant volume fraction of either precipitate families.
Elongated narrow prior austenite grains have been reported for the weld material, due to rapid directional solidification post-weld; grain size data were obtained from the work of Paul et al., 15 Vijayalakshmi et al. 18 and Vivier et al. 36 Similar investigations of the HAZ region were performed by El-Azim et al., 34 Paul et al. and Vivier et al. to measure grain size in this region of welded 9Cr after PWHT. Lath widths were also presented for the weld and HAZ materials by Paul et al., 15 Vijayalakshmi et al. (weld and HAZ), and Gaffard 32 (HAZ), respectively. Dislocation densities within the weld material were qualitatively reported by Watanabe et al. 26 as significantly higher than for the parent material. Table 3 contains the microstructural values utilised from these sources as detailed, except in the case of the dislocation densities, where values are estimated from within an expected range.
Identification of coarsening rates
The thermal coarsening rate constants K i for both MX and M 23 C 6 precipitates are identified based on thermal aging data from the grip region of a crept test specimen of Hald et al.
8 Figure 9 shows a comparison between the thermal coarsening data at 650 C and equation (5), while F i is set to zero. Utilising these identified values of K i , in combination with gage section data from the same creep tests, the strain-induced coarsening constant F i has also been identified.
5 Figure 9 also shows resulting comparison with the creep aging data of Hald et al. 8 at 650 C; a similar quality of fit was achieved for 600 C. 5 In this paper, precipitate coarsening is assumed to be independent of material zone, as limited data are available on precipitate coarsening kinematics in weld and HAZ materials. Table 4 shows a summary of the identified coarsening rate constants for the M 23 C 6 carbides and the MX precipitates.
Numerical modelling
The model has previously been validated for a P91 parent material at 600 and 650 C. 5 Figure 10(a) shows the notched tensile specimen geometry and converged mesh from Abaqus TM developed for this calibration. Figure 10(b) shows the cavitation damage contours, for these conditions, at failure after 1186 h creep exposure. Failure was deemed to have occurred when an integration point reached a cavitation damage (D CV ) value of 1. Validation was Table 3 . Microstructural model inputs and parameters for the three material zones. Figure 9 . Identification of strain and temperature induced coarsening parameters based on creep and thermal aging data at 650 C from Hald et al. 8 then performed for a net section nominal stress of 82 MPa at the same temperature of 650 C. Figure 11 shows a comparison of the resulting predicted and experimental 22 rupture lives for notched and plain specimens, across a range of stress. Clearly, the rupture life predictions correlate closely to the measured lives across the stress range of interest here. Figure 12 shows the predicted evolution of M 23 C 6 precipitate diameter for the axisymmetric CW geometry for an applied load of 70 MPa at 650 C, up to the time to failure of 1150 hr. Although the WM initially has the largest M 23 C 6 precipitate diameter, the HAZ region experiences the most dramatic increase. The strain concentration within the HAZ leads to enhanced precipitate coarsening which accelerates the formation of creep cavities once precipitates exceed a critical size of approx. 250 nm. This is consistent with experimental observations of enhanced cavity formation adjacent to large coarsened carbides.
Evaluation of precipitate microstructure effects in welded connections
12,26,37 Figure 13 shows the predicted evolution of cavitation damage for an applied stress of 70 MPa. A concentration of cavitation damage occurs at the centre of the HAZ, slightly biased towards the PM. Cavitation-induced failure within the HAZ is due to high strain accumulation and stress triaxiality occurring within this region, as observed by Watanabe et al. 26 where high levels of stress triaxiality, due to the geometry of the welded connection, is a contributor to Type IV failure. Figure 14 shows the evolution of triaxiality along the path of highest cavitation damage within the HAZ. The triaxiality is greater near the central axis leading to concentration of damage on this axis and hence cracking is predicted to initiate here. Figures 15 and 16 show the predicted evolutions of M 23 C 6 and MX diameters for sample points A, B and C (see Figure 12 ) in the PM, HAZ and WM regions, respectively. In Figure 15 , the parent material M 23 C 6 carbides remain the smallest until failure, while the HAZ carbides grow rapidly, reaching the proposed 250 nm 9 threshold mentioned above for enhanced cavitation. WM carbides are predicted to be the most stable, coarsening slower than carbides in either parent or HAZ materials. The effect of stress on HAZ precipitate coarsening is demonstrated in Figure 17 . A 33% increase in stress is predicted to lead to approximately 87% reduction in the time to reach an M 23 C 6 diameter of 250 nm, i.e. a highly nonlinear response due to combined strain and thermal coarsening effects of equation (5) . In contrast, Figure  16 demonstrates the stability of the MX precipitates in all three materials by their approximately flat coarsening curves for the short term, 70 MPa tests. Thermally induced coarsening dominates the growth characteristics of MX precipitates, as such short-term, highstress testing induces only minor coarsening of this family of precipitates. Figure 18 shows a close correlation between the multiprecipitate three material model with the parent material and CW test data compiled by Tabuchi and Takahashi 38 and Kimura and Takahashi, 39 for 9Cr steels in a wide stress range at 650 C. The model clearly captures the significant decrease in time-tofailure due to the weldment, a key objective of the present work. An overestimation of life for PM data is observed at high-stress levels; however, as this is above plant operational range, it is perhaps of less interest to plant operators. The HAZ material parameters were calibrated for 93 MPa test data and the WM parameters from tests at 100 MPa and 93 MPa. Based on these calibration conditions, accurate stresslife predictions have been achieved for welded connections across a much wider stress range. This demonstrates the predictive capability of the hyperbolic sinebased modelling approach for welded 9Cr creep behaviour. Creep tests are extremely time intensive and have high cost associated with them; by utilising the model presented here, more accurate long-term predictions can be generated based on short-term, low-cost laboratory tests. The results in Figure 18 can be used to investigate the weld strength reduction factor (WSRF). The WSRF is calculated according to ASME standards; 40 for a particular time to failure, it is the ratio of the rupture stress for the CW to the corresponding rupture stress for the PM (WSRF ¼ R, CW = R, PM ). Typical values here are in the range 0.6 to 0.8 and these have been calculated for both the experimental data and the model results. Comparison between experimental data for P91 parent and cross weld specimens at 650 C, from Tabuchi and Takahashi 38 and Kimura et al. 39 with model results. Figure 17 . Predicted effect of stress on M 23 C 6 the precipitate coarsening dynamics within the HAZ region at point B, in Figure 12 . Figure 19 shows the ratio of the model-predicted and measured WSRF values (WSRF predict =WSRF test ); it is seen that the model is conservative relative to the experimental data across the range of rupture times.
Discussion
The model provides a predictive capability for welded component remaining life based on the evolved precipitate microstructure for a 9Cr steel component. Within this framework, the experimentally observed evolution of the microstructure experiencing creep has been predicted using a CDM multi-scale approach. The use of a CDM approach allows for the future addition of other microstructural degradation effects such as oxidation or fatigue loading effects with relative ease.
Ogata et al. 41 performed CW creep tests and welded pipe rupture tests using internal pressure with failure occurring in the HAZ. Creep voids were detected using detailed SEM observations. The number of voids per unit area was highest in the midsection of the HAZ region for both the tensile CW specimen and in the mid-thickness of the pipe. Using FE simulations, Ogata et al. 42 predicted high triaxiality at locations where tests showed a high density of creep voids. Micro-cracks formed from the individual cavities at the mid-thickness of the pipe specimen, growing towards the outer surface of the pipe. The present model predicts cavitation damage inducing failure at the midsection of the HAZ region where the triaxiality is high (see Figure 14) . This is in line with the observations of Ogata et al. 41 and also similar to failures observed by Watanabe et al. 43 While MX precipitates coarsen considerably slower than M 23 C 6 precipitates, their contribution to the creep strength of the material, via extensive dislocation pinning, is significant. The addition of the MX coarsening kinematics to the model allows for the consideration of compositional variations on the time to failure of the material, i.e. modelling of P91 variants with different MX volume fractions. 5 As shown in Figures 12 and 15 , the highest rate of M 23 C 6 precipitate coarsening occurs within the HAZ region. Examination of the carbide evolution plot in Figure 12 shows that although coarsening concentration is focused in the centre of the HAZ, this concentration of high precipitate diameter extends across much of the section.
The parameter identification procedure presented here for the HAZ material is necessarily based on some simplifying assumptions. For example, the HAZ region is considered as a single homogeneous material while in fact, it is a more complex heterogeneous structure; consisting of the coarse-grain, finegrain and ICHAZ regions as shown schematically in Figure 2 . Nevertheless, it is argued that the approach used here enables a reasonably accurate initial estimate of the HAZ material behaviour. The extraction of separate creep time curves for coarse grain, fine grain and ICHAZ regions has proven challenging, as these are extremely narrow regions within the material. Some success has been achieved in the identification of creep properties of the various HAZ regions using indentation creep tests with small indenters, e.g. see Hyde et al. 44 In that work, two distinct material regions within the HAZ material were characterised as high-temperature and low-temperature HAZ and these regions corresponding to HAZ adjacent to the weld and parent material, respectively. Combining data from this type of testing with the strain compatibility approach described here could potentially produce a more refined modelling approach.
Conclusions
Welded component life predictions have been calculated utilising a novel temperature-and strain-induced precipitate coarsening model, including both M 23 C 6 and MX precipitate families in 9Cr steels, within a continuum damage mechanics creep model. This approach predicts welded component life for a relatively wide stress range, ranging from typical laboratory test conditions to next generation ultra-super critical plant conditions.
A parameter identification methodology, previously presented for parent material, was extended and applied here to the weld and heat affected zone materials utilising published microstructural observations. The model has been expanded to include multiaxial effects, with calibration and validation against notched bar test data.
Strain-induced coarsening is predicted to primarily affect M 23 C 6 precipitates during creep which, when coarsened, enhance the rate of cavitation damage accumulation. An inhomogeneous distribution of M 23 C 6 diameter has been predicted within the heat affected zone region of a 9Cr steel weldment. The combined effects of high triaxiality, creep strain and precipitate coarsening accelerate the damage accumulation within the heat affected zone region leading to failure.
The inclusion of MX precipitate evolution in the model allows for compositional effects to be included. This can be coupled, in future work, with thermodynamic simulations for precipitate formation during heat treatments and manufacturing processes (e.g. welding), to predict through-process component times to failure.
Two methods of increasing the life of welded components are suggested from this work; (i) reducing the initial carbide diameter within the heat affected zone region via careful heat treatment and (ii) enhancing the thermal stability of precipitates by addition of new stabilising elements during manufacture and welding. One such example is the novel 9Cr material, MarBN, manufactured with controlled addition of boron and nitrogen to enhance the thermal stability of precipitates and retain the hierarchical microstructure of the parent material post-weld.
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